Gastrointestinal (GI) nematode infections are an important public health and economic concern. Experimental studies have shown that resistance to infection requires CD4 ؉ T helper type 2 (Th2) cytokine responses characterized by the production of IL-4 and IL-13. However, despite >30 years of research, it is unclear how the immune system mediates the expulsion of worms from the GI tract. Here, we demonstrate that a recently described intestinal goblet cell-specific protein, RELM␤͞FIZZ2, is induced after exposure to three phylogenetically distinct GI nematode pathogens. Maximal expression of RELM␤ was coincident with the production of Th2 cytokines and host protective immunity, whereas production of the Th1 cytokine, IFN-␥, inhibited RELM␤ expression and led to chronic infection. Furthermore, whereas induction of RELM␤ was equivalent in nematode-infected wild-type and IL-4-deficient mice, IL-4 receptor-deficient mice showed minimal RELM␤ induction and developed persistent infections, demonstrating a direct role for IL-13 in optimal expression of RELM␤. Finally, we show that RELM␤ binds to components of the nematode chemosensory apparatus and inhibits chemotaxic function of a parasitic nematode in vitro. Together, these results suggest that intestinal goblet cell-derived RELM␤ may be a novel Th2 cytokine-induced immune-effector molecule in resistance to GI nematode infection.
M
ore than 1 billion people worldwide are infected with one or more species of gastrointestinal (GI) nematode parasites (1) , and within the livestock industry, reduced productivity and the need for repeated drug treatment impose a heavy economic burden (2, 3) . Evidence of immunity to GI nematode infection in livestock and the association of type 2 immune responses and host resistance in human populations (4, 5) suggest that long-term immunologic intervention strategies are an achievable goal. The importance of CD4 ϩ T helper (Th) cells in regulating immunity to GI nematode infection has been demonstrated formally in murine model systems. Although Th1-associated cytokines, including IL-12, IL-18, and IFN-␥, can inhibit protective immunity to GI nematode infection, T helper type 2 (Th2) cells (defined by their production of IL-4, IL-9, and IL-13) mediate expulsion of live worms and host protective immunity (reviewed in refs. [6] [7] [8] .
However, the Th2 cytokine-induced immune effector mechanisms that mediate expulsion of GI nematodes remain unknown. For example, worm expulsion can occur in the absence of classical effector mechanisms associated with Th2 cytokine responses, such as antibody production, eosinophilia, and mastocytosis (9) (10) (11) . Goblet-cell hyperplasia is a dominant and well documented characteristic change in the GI tract associated with Th2 cytokine responses and expulsion of nematodes (12) (13) (14) (15) . However, the role of this cell population in immunity to nematodes has received little attention.
Only a limited number of intestinal goblet cell-specific proteins have been identified. Recently, we described a goblet cell-specific protein, RELM␤͞FIZZ2 (16) , a member of the resistin-like molecules͞found in inflammatory zone (RELM͞ FIZZ) gene family (17, 18) . This family of proteins, composed of four members (RELM␣, RELM␤, RELM␥, and resistin), exhibits unique distribution patterns in different mammalian species. For instance, resistin is expressed in adipocytes and regulates glucose metabolism in rodents, whereas RELM␣ and RELM␥ are expressed widely in multiple tissues (17, (19) (20) (21) (22) .
By contrast, expression of RELM␤ is tightly restricted to intestinal goblet cells, from where it is secreted apically into the intestinal lumen, and it is highly conserved in all examined mammalian species (18) . However, the functions of RELM␤ remain unknown. In this article, we demonstrate that goblet cell-specific RELM␤ expression is dramatically up-regulated in the GI tract after exposure to nematode infections. Expression of RELM␤ is controlled by Th2 cytokines and is coincident with host protective immunity. Furthermore, RELM␤ binds specific structures in the nematode cuticle associated with neuronal structures that may impair pathogen chemosensory functions. Together, these results suggest an immune effector function for RELM␤ against GI nematode pathogens. were maintained under specific pathogen-free conditions at the University of Pennsylvania or a conventional environment at the University of Edinburgh. The maintenance, infection, and recovery of Trichinella muris, Trichuris spiralis, and Nippostrongylus brasiliensis were as described in refs. [23] [24] [25] . In some studies, mice received daily i.p. injections of recombinant IL-13 (rIL-13) (10 g) (Wyeth) on days 12-16 after infection. All experiments were performed under the guidelines of either the University of Pennsylvania Animal Care and Use Committee or the U.K. Home Office Animals Scientific Procedures Act of 1986. Sample Collection, mRNA Analysis, and Immunohistochemistry.
Materials and Methods
Freshly isolated samples of colon or jejunum (starting 10 cm from the pylorus) were snap frozen for RNA isolation or fixed in 4% paraformaldehyde for paraffin embedding. Quantification of mRNA expression for goblet cell-specific genes, normalized to GAPDH levels, was performed on an ABI 7000 Sequence Detector (Applied Biosystems). The oligonucleotide primer sequences for murine RELM␤, Muc2, TFF3, and GAPDH have been described (16) . Paraffin-embedded sections were cut, dewaxed in ethanol, rehydrated in 10 mM citric acid buffer (pH 6.0), and microwaved for 13 min and 30 sec. The sections were incubated with an affinity-purified polyclonal antibody for mu-rine RELM␤ at a 1:500 dilution overnight at 4°C and then incubated with a biotinylated goat anti-rabbit secondary antibody, followed by detection of horseradish peroxidase as described (16) .
Cell Culture. LS174T cells were obtained from the American Type Culture Collection and cultured under the described conditions. rIL-4, rIL-13, and IFN-␥ were purchased from R & D Systems and used to stimulate LS174T cells for the durations and at the concentrations described in the figure legends.
Protein Isolation and Immunoblotting. The anti-mRELM␤ antibody and its use in immunoblotting, as well as the conditions used to isolate stool proteins, have been described (16) .
Whole-Mount Fixation of Nematodes and Immunolocalization of RELM␤. T. muris worms were fixed in 10% neutral buffered formalin for 3-5 min, washed in PBS, transferred to 100% ethanol, mounted on positively charged slides (SuperFrost Plus, Fisher Scientific), and air dried before returning to PBS. Slides were then boiled in 10 mM citric acid buffer, washed in PBS, blocked with protein blocking agent (Coulter Immunotech), and incubated overnight at 4°C with the anti-RELM␤ antibody. Cy3-conjugated donkey anti-rabbit secondary antibody (Jackson ImmunoResearch) was applied, and slides were counterstained with 4Ј,6-diamidino-2-phenylindole (Molecular Probes) and mounted in fluorescent mounting medium (Kirkegaard & Perry Laboratories). Specimens were imaged with an E600 fluorescent͞differential interference contrast microscope (Nikon), which was equipped to take optical sections in Z series. Stacked optical sections were combined to produce a 2D representation of 3D space (i.e., ϫ20 fluorescent image) and rotated to indicate the depth from the surface of the stained entities (i.e., ϫ100 fluorescent image rotated Ϸ80°). The specificity of this immunostaining was verified by experiments demonstrating complete blocking of immunostaining when RELM␤ antiserum was preincubated with RELM␤ immunogen peptide, as well as the inability to block immunostaining when this antiserum was preincubated with three irrelevant peptides (clusterin, villin, and HNF-3␤). Strongyloides stercoralis parasitic infective third-stage larvae (L3i) were preincubated with rRELM␤ (500 ng͞ml) for 30 min at room temperature before fixation and processing as described above.
Chemotaxis Studies. Infective S. stercoralis L3i parasitic larvae were reared in charcoal coprocultures and incubated in either control protein (rIL-4; R & D Systems) or rRELM␤ (PeproTech, Rocky Hill, NJ) (50 g͞ml) for 30 min at room temperature. Chemosensory function of L3i was then assessed according to a protocol modified from Ward (26) . In brief, L3i were applied to agar plates containing a preestablished concentration gradient of aqueous canine skin extract (27) . Numbers of worms in attractant wells were determined every 4 min for 20 min.
Results
To determine whether RELM␤ expression is associated with Th2 cytokine responses and goblet-cell hyperplasia that occur after GI nematode infection, we examined expression in mice infected with various GI nematode parasites. After infection with Tri. spiralis, N. brasiliensis, or T. muris, high levels of RELM␤ mRNA (Fig. 1A) and protein ( Fig. 1 B and C) were induced in the intestinal mucosa. In all infections, there was a marked goblet-cell hyperplasia ( Fig. 1 B and C) , and immunohistochemical analysis demonstrated that RELM␤ protein expression was restricted to goblet cells in both the small intestine (Fig. 1B) and colon (Fig. 1C) . Studies have shown that the kinetics of maximal Th2 cytokine production and worm expulsion depends on the species of GI nematode (6, 7). Robust expression of RELM␤ was coincident with the production of Th2 cytokines and worm expulsion after exposure to Tri. spiralis, N. brasiliensis, or T. muris (Fig. 1) .
To investigate whether infection-induced RELM␤ expression was due to a general enhancement in expression of goblet cell-specific mRNAs, expression levels of two other dominant goblet cell-specific genes, Muc2 and TFF3 (16), were analyzed. Critically, there was only minimal induction of either Muc2 or TFF3 (2-to 3-fold) after infection with Tri. spiralis, N. brasil- iensis, or T. muris, compared with a 30-to 70-fold induction of RELM␤ (Fig. 1 A) . Low-level induction of Muc2 after N. brasiliensis infection is consistent with a previous report (28) . These studies demonstrate that RELM␤ was the only goblet cell-specific gene to exhibit robust induction after nematode infection. Indeed, transcriptome analysis has shown that RELM␤ is the only goblet cell-specific gene that is strongly induced after GI nematode infection in murine hosts (46) . Furthermore, after infection with Toxoplasma gondii, an intracellular protozoan pathogen that induces Th1 cytokine responses in the GI tract (29) , RELM␤ expression was not induced (D.A., G.D.W., and C. A. Hunter, unpublished data), demonstrating that induction of RELM␤ is not a generic response to GI pathogens but is restricted to GI nematode infections that induce dominant Th2 cytokine responses. Consistent with Th2 cytokine-dependent expression of RELM␤, studies have revealed that expression of RELM␣ can be induced by Th2 cytokines (17, 19) .
Murine trichuriasis is unique among GI nematode model systems, being the only entirely enteric infection in which reciprocal activation of Th cell subsets correlate with acute and chronic infection. Thus, in genetically susceptible strains such as AKR mice, Th1-associated cytokines (IL-12, IL-18, and IFN-␥) promote parasite persistence, whereas the production of Th2 cytokines (IL-4 and IL-13) in resistant BALB͞c mice is required for worm expulsion and host protective immunity (6) . The genetic predisposition to infection observed between different inbred mouse strains reflects a similar pattern of predisposition observed in outbred human and livestock populations. By using infection of mice with T. muris as a model, we sought to determine whether resistance or susceptibility to infection was associated with differential expression of RELM␤. Induction of RELM␤ expression was observed only in infected BALB͞c mice ( Fig. 2A) in a temporal fashion corresponding closely with the induction of a robust Th2 cytokine response (Fig. 5 , which is published as supporting information on the PNAS web site) and worm expulsion (Fig. 2B) . By contrast to BALB͞c mice, T. muris infection of AKR mice was characterized by the production of IFN-␥ (Fig. 5) , no induction of RELM␤ (Fig. 2 A) , and the presence of persistent worms beyond day 35 after infection ( Fig.  2B ). In addition, although RELM␤ was the only goblet cellspecific gene induced after infection of BALB͞c mice, there was no increase in any analyzed goblet cell-specific genes (RELM␤, Muc2, or TFF3) in colonic tissue isolated from T. muris-infected AKR mice (data not shown).
These in vivo analyses demonstrated that induction of RELM␤ was coincident with expression of Th2, but not Th1, cytokine responses. To determine whether Th1 and Th2 cytokines could directly induce expression of RELM␤ in the intestinal epithelium, we examined their effects on a goblet cell-like intestinal epithelial cell line (LS174T), which is known to express RELM␤ (30) . Similar to the response observed in vivo, RELM␤ mRNA expression was induced by either rIL-4 or rIL-13 and inhibited by IFN-␥ (Fig. 2C) , supporting a role for Th1-and Th2-associated cytokines in directly regulating RELM␤ expression in goblet cells.
IL-4 and IL-13 signal through the IL-4R␣ chain and activate STAT6-dependent genes (31) . To investigate the contribution of IL-4 versus IL-13 in regulating expression of RELM␤, BALB͞c IL-4 Ϫ͞Ϫ and IL-4R␣ Ϫ/Ϫ were infected with T. muris. Although infected IL-4 Ϫ͞Ϫ mice exhibited robust induction of RELM␤ similar to that observed in WT mice, there was minimal RELM␤ expression in infected IL-4R␣ Ϫ͞Ϫ (Fig. 2D) , demonstrating that IL-4-independent, but IL-4R␣-dependent (via IL-13), mechanisms are critical in RELM␤ induction. Consistent with these observations, studies have shown that expulsion of T. muris in BALB͞c IL-4 Ϫ͞Ϫ mice is IL-13-dependent and that IL-4R␣ Ϫ͞Ϫ mice are susceptible to chronic infection (32) . The existence of STAT6 binding sites in the RELM␤ promoter (16) supports a role for IL-4-and IL-13-mediated STAT6 activation and induction of RELM␤. Further, our previous studies demonstrating a role for tumor necrosis factor (TNF)-␣ and NF-B in immunity to T. muris (25, 33) , coupled with the presence of NF-B binding sites in the RELM␤ promoter (16) , suggest TNF-induced NF-B activation may be a critical pathway in eliciting optimal effector RELM␤ responses in the GI tract.
Studies have shown that rIL-13 administration can induce expulsion of T. muris in normally susceptible AKR mice (32) . To determine whether IL-13-induced worm expulsion was associated with induction of RELM␤, rIL-13 was administered i.p. to T. muris-infected AKR mice. There was a dramatic upregulation of RELM␤ protein expression in the stool after treatment (Fig. 3A) . Induction of RELM␤ was restricted to intestinal goblet cells (Fig. 3B ) and was induced both at the site of infection, in the cecum, and ectopically in the jejunum (Fig.  3B) . These results identify RELM␤ as an IL-13-induced gene in the GI tract. Moreover, induction of RELM␤ was remarkably specific, occurring without significant induction of other goblet cell-specific genes (Fig. 3C) . IL-13-induced expression of RELM␤ in infected AKR mice was also associated with a significant reduction in worm burden (Fig. 3D) .
Given the temporal association among Th2 cytokine production, RELM␤ expression, and worm expulsion, we hypothesized that RELM␤ may contribute to worm expulsion by interacting directly with T. muris to impair essential biological functions of the parasite. To test this possibility, immunolocalization studies were performed to determine whether RELM␤ associates with T. muris. Larval parasites were isolated from infected BALB͞c mice at day 14 after infection, a time point that was coincident with the expression of RELM␤. Immunofluorescent staining demonstrated that RELM␤ was associated with the bacillary band of larval T. muris (Fig. 4A) . The bacillary band is composed of a longitudinal series of cuticular pores constituted by both epidermal gland cells and nonglandular cells (34, 35) . Gland cells contain dendritic processes that run between the bacillary pores and adjacent bipolar nerve cells and are thought to play a critical role in chemosensory functions (36, 37) . Immunofluorescent staining identified highly specific localization of RELM␤ with the bacillary pores (Fig. 4B) . Counterstaining with 4Ј,6-diamidino-2-phenylindole confirmed that the localization of RELM␤ was in pore-like structures and was not associated with nuclear staining (Fig. 4C) . In addition, the generation of Zstacked optical sections, which provides a 2D representation of 3D space, demonstrated that RELM␤ staining was localized in funnel-shaped structures (Fig. 4D ) with a diameter of Ϸ1-2 m at its narrowest point (Fig. 4B) , which is consistent with previous descriptions of the bacillary pores (34, 38) . Control blocking experiments confirmed the high specificity of this staining pattern (see Materials and Methods).
The association of host RELM␤ with chemosensory components of the bacillary band suggested that RELM␤ might impair sensory functions of GI nematodes. This hypothesis was tested by exposing the GI nematode parasite S. stercoralis, whose rapid migration toward host-derived chemoattractants is readily measured ex vivo, to a concentration of rRELM␤ similar to that in the stool of T. muris-infected BALB͞c mice (Fig. 4F) . Wholemount staining of S. stercoralis incubated with rRELM␤ showed that this protein binds to specific pore-like structures along the outer edge of lateral alae on the nematode cuticle (Fig. 4E) . The alae of S. stercoralis overlie lateral cords that are rich in neuronal tissue (39) and may be functionally analogous to the bacillary band, which is a modification of the lateral cord in Trichurids (37) . Studies have shown that active, host-finding L3i stages of this parasite rapidly migrate toward canine skin extract but fail to undergo migration in the absence of stimuli (40) . Remarkably, rRELM␤ impaired the chemoattraction of S. stercoralis dramatically (Fig. 4G) . By contrast, neither the random (not attractantdirected) movements nor the viability of the parasites were affected by exposure to rRELM␤ (data not shown). Thus, RELM␤ can directly impair nematode chemosensory function in vitro and provides a demonstration for a biological function for this protein.
Discussion
Our results demonstrate that the induction of RELM␤ is a highly specific Th2 cytokine-dependent intestinal response that is elicited after exposure to phylogenetically and biologically distinct GI nematode parasites that inhabit different regions of the GI tract. Furthermore, maximal RELM␤ expression is coincident with the production of Th2 cytokines, the histologic appearance of goblet-cell hyperplasia, and host protective immunity. The localization of RELM␤ to a nematode chemosensory apparatus, as well as its ability to inhibit nematode chemotaxis in vitro, suggests that RELM␤ functions as a critical immune-effector molecule in the expulsion of GI nematodes by disrupting the ability of nematodes to optimally sense the GI microenvironment. Although these findings will require confirmation in vivo by examination of a host in which the RELM␤ gene has been disrupted, our results are consistent with the observation that a related gene product, RELM␣, binds to neurons and alters their function in vertebrate systems (17) . Therefore, coupled with other intestinal responses associated with expulsion of helminths, including mast-cell degranulation and smooth-muscle contractility (41) (42) (43) , our data suggest that expression of RELM␤ may be a critical component in the arsenal of type 2-regulated effector mechanisms that precipitate worm expulsion and host protective immunity.
The conservation of the RELM␤ gene in vertebrates and its absence from the genomes of lower organisms such as Caenorhabditis elegans (18) suggests that RELM␤ may have arisen during evolution as a host-defense mechanism under selective pressure exerted by GI nematode parasites. Given the growing impact of resistance to existing anthelminthic drugs in the livestock industry (44) , coupled with the potential for resistance to develop in human populations (45) , the identification of RELM␤ as a possible immune-effector molecule against GI nematodes may lead to novel immunotherapeutic approaches in the prevention or treatment of these infections. 
